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Summary

The three-dimensional, electromagnetic circuit analysis
code, Micro-SOS, can be used to reduce expensive and time-
consuming experimental “cold-testing” of traveling-wave
tube (TWT) circuits. The frequency-phase dispersion and
beam interaction impedance characteristics of a ferruleless
coupled-cavity traveling-wave tube slow-wave circuit were
simulated using the code. Computer results agree closely
with experimental data. Variations in the cavity geometry
dimensions of period length and gap-to-period ratio were
modeled. These variations can be used in velocity taper
designs to reduce the radiofrequency (RF) phase velocity in
synchronism with the decelerating electron beam. Such
circuit designs can result in enhanced TWT power and
efficiency.

Introduction

Micro-SOS is a three-dimensional, finite-difference,
electromagnetic plasma physics simulation code that was
developed by Mission Research Corporation (MRC) in
cooperation with Varian Associates, Inc. (refs. 1 to 3). Micro-
SOS is a version of the MRC code SOS (Self Optimized Sec-
tor) but differs in that it does not have the capability to simu-
late charged particle trajectories. It can be operated in either
a time-domain algorithm in which Maxwell’s time-dependent
equations are solved, or a frequency-domain algorithm (as in
this report) in which the resonant mode frequencies and field
patterns are obtained.

Micro-SOS was developed by MRC as part of a DOD- and
NASA-sponsored effort to develop software for microwave
tube design. This code can provide a fast, inexpensive circuit
analysis capability that can be used to obtain “cold-test” in-
formation about the electromagnetic fields in a microwave
tube circuit. The term “cold-test” refers to evaluation of a
circuit without the presence of an electron beam. Cold-test
measurements are typically performed in the laboratory on
actual- or scaled-size circuit models. Using Micro-SOS can
potentially eliminate the need for these time-consuming and
costly hardware cold-test measurements and greatly
facilitate the design of conventional and advanced micro-
wave tube circuits.

In this report, Micro-SOS was used to determine the
frequency-phase dispersion and beam interaction impedance
characteristics of a single standard cavity of the slow-wave
circuit used in the Hughes Aircraft Company Model 951H
TWT (traveling-wave tube). This ferruleless coupled-cavity
circuit was used in a 29- to 30-GHz, 400-W, low-distortion
TWT designed and built by Hughes Aircraft Company under
contract to NASA Lewis Research Center (NAS3-24899)
(ref. 4). The computer results for both the dispersion and
impedance characteristics are compared with experimental
data. Variations in the cavity geometry dimensions of period
length and gap-to-period ratio were modeled and the effects
on dispersion and impedance were simulated. Results from
these simulations serve as a basis for designs of circuit modi-
fications that can improve radiofrequency (RF) efficiency or
bandwidth.

Symbols

b electron beam radius

c speed of light

E; amplitude of first forward-wave space harmonic of

axial electric field on the x3-axis

f frequency

h . gap length

Ip modified Bessel function of zero®™ order

I moditied Bessel function of first order

K axis beam interaction impedance of first forward-wave

space harmonic on the x3-axis

K1 beam finite beam interaction impedance of first forward-
wave space harmonic

L cavity period

Lo standard cavity period



l gap thickness dence of the RF phase shift per cavity period is known as the
dispersion relationship. In the past, this information was

N number of cavities determined experimentally by cold-test measurements of
resonant frequencies of a short-circuited length of the circuit
Pror total RF power tlow (refs. 6 to 8).
As shown herein, Micro-SOS can be used instead of
R cavity radius experimental cold-testing to accurately obtain dispersion
characteristics and beam interaction impedance for the cav-
Ry standard cavity radius ity mode of a ferruleless coupled-cavity TWT slow-wave
circuit.
r beam tunnel radius
r. coupling slot inner radius Simulation
Te coupling slot outer radius

Figure 1 shows the ferruleless coupled-cavity circuit and
table I gives the dimensions. A single cavity is modeled on a

4 web thickness Cartesian grid divided into 19 (x;-direction) x 33 (xp-
. direction) x 9 (x3-direction) cells, totaling 5643 cells. Fig-
Ve group velocity ure 2 shows the x-x; cross-sectional grid.

Wror  total electromagnetic energy stored in cavity

. . Circuit
X horizontal coordinate coupling [7]
hole —
. . Electron
X2 vertical coordinate beam
X3 axial coordinate
B axial phase constant of first forward-wave space
harmonic
Web Spacer
N radial phase constant of first forward-wave space -
harmonic
~1/2in.
o} coupling slot angle
Al axial wavelength of first forward-wave space T
. Figure 1.—Fermruleless coupled-cavilty TWT circiut.
harmonic
w angular frequency
TABLE I.—DIMENSIONS OF HUGHES 951H
29- TO 30-GHz FERRULELESS COUPLED-
B k d CAVITY TWT CIRCUIT
ackgroun [See fig. 1.]
Parameter Dimensions,
The slow-wave circuit of the Hughes 951H TWT consists mm
of a.ltemaung copper wep§ and spacers (ﬁg. 1)' wh}ch form a Period, L 2.0828
chain of ferruleless cavities. The total circuit of the 951H Gap thickness, { 1.0414
TWT contains 119 cavities divided into three sections, with a Web thickness, ¢ 1.0414
mild double-step velocity taper in the output section (ref. 4). Cavity radius, R 2.7559
In order to accurately simulate the electrical character- Beam tunnel radius, r 5588
istics of a TWT with a coupled-cavity computer model (¢ Coup ing stot innet radius, . o
1stics O. a ' ; p y ; p o B Coupling slot center radius, r, 2.7432
ref. 5), input is required for both beam interaction impedance :
and RF phase shift per cavity period. The frequency depen- Coupling slot angle, § 14
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Figure 2.—Micro-SOS grid.

The procedure used for calculating the frequency-phase
dispersion characteristics is similar to that used by
Kantrowitz and Tammaru (ref. 9) for a coupled-cavity circuit
using the computer code ARGUS, a three-dimensional, elec-
trodynamic circuit analysis code developed by Science
Applications International Corporation (ref. 10). Kantrowitz
and Tammaru obtained a dispersion curve by calculating the
three resonant frequencies at the values of RF phase shift per
cavity period of «, 1.57, and 2n. These resonant frequencies
were obtained with three separate computer runs, each with
different boundary conditions on a single cavity. Similarly,
Doniger et al. (ref. 3) calculated a dispersion curve for a
“millitron” coupled-cavity TWT slow-wave circuit by using
Micro-SOS. In addition to the single-cavity-calculated reso-
nant frequencies, they used resonant frequencies at 51t/4 and
7r/4, calculated with a single computer run on a two-cavity
configuration with appropriate boundary conditions.

This report documents the first time that the frequency-phase
dependence of the beam interaction impedance for
a coupled-cavity TWT is calculated by using a three-
dimensional, electromagnetic circuit analysis code, and com-
pared with experimental results. (Reference 11 reported a similar
calculation of impedance for a different slow-wave circuit, but no
experimental data was available with which to compare results.)

In the simulations, the cavities were modeled from web
center to web center. For all computer runs, each axial
boundary was truncated by either an “electric wall” or a
“magnetic wall.” An electric wall, E, is a boundary condi-
tion equivalent to a perfectly conducting plane at which the
electric field is perpendicular and the magnetic field is paral-
lel. With this boundary condition, the axial electric fields on
each side of the boundary are in the same direction (fig. 3). It
is simulated with Micro-SOS by using the STRUCTURE
CONFORMAL SOLIDIFY command. A magnetic wall, M,
is a boundary condilion that is a symmetry plane with parallel
electric fields and perpendicular magnetic fields. With this
boundary condition, the axial electric fields on the two sides
of the boundary are in opposite directions (fig. 3). Itis simu-
lated with Micro-SOS by using the SYMMETRY MIRROR
command. Table Il summarizes the boundary conditions
used to obtain the various resonance points for the dispersion
curve of the cavity mode. Table II also shows the run execu-
tion times consumed on Lewis’ VAX minicomputer
(model 9410). As noted, the two-cavity configuration run
required considerably more execution time than did the
single-cavity configuration runs.

The ferruleless coupled-cavity TWT slow-wave circuit is
typically a fundamental backward-wave circuit (ref. 12), with
the electron beam interacting primarily with the first forward-
wave space harmonic at an RF phase shift per cavity between
r and 2r rad (see fig. 4). The beam interaction impedance,
known as the Pierce interaction impedance, is a measure of
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Figure 3.—Axial electric field at electric and magnetic walls.
(Radial component of electric field not shown.)
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TABLE II.—MICRO-S0OS RUNS WITH EXECU-
TION TIMES CONSUMED ON LEWIS’ VAX
MINICOMPUTER (MODEL 9410)

Cavities | Boundary | Phase shift, | Execution,
simulated | conditions rad time,
min:sec

1 EE 2n 0:21

1 EM 3n2 0:26

1 MM n 0:28

2 EM Sn/4, T/4 1:44

B O Micro-SOS
[0 Experimental

g 8 8 &
I

Frequency, GHz

......
.......

] | |
m 5n/4 3n/2 7n/4 2n

Phase shift per cavity, rad

Figure 4.—Simulated and experimental (ref. 4) phase-frequency
dispersion curves for cavity mode.

the strength of interaction between an RF-wave space har-
monic and the electron beam. For the first forward-wave
space harmonic, the beam interaction impedance on the axis
is given by (ref. 13)

2
f*l
2Bi Pror

M

1,axis

where £ is the amplitude of the first forward-wave space
harmonic of the axial electric field on the x3-axis, §; is the
corresponding axial phase constant, and Pror is the total RF
power flow given by

Wror
= fror 2
Pror N (2)

where N is the number of cavities, L is the cavity period, v, is
the group velocity, and Wror is the total electromagnetic
energy stored in the cavity (obtained with Micro-SOS by
using the BALANCE and OBSERVE commands). The group
velocity for equation (2) is obtained by taking the derivative
of the best fitting polynomial curve to the frequency-phase
dispersion data and is defined as

y, = 42 _ o & (3)

5 dp d(BiL)

To obtain E;; in equation (1), the LINPRINT command is
used to print out the axial electric field at the center of each
grid cell along the x3-axis at the center of the beam hole. The
field is then Fourier analyzed to determine E).

Note that the beam interaction impedance given in equa-
tion (1) is the value on the x3-axis. In simulations with an
RF-beam interaction coupled-cavity TWT model (e.g.,
ref. 5), one must input the impedance integrated over the
beam cross-section area. With the assumption that the axial
variation of the first forward-wave space harmonic of the
electric field is given by Io(yor) (ref. 14, p. 28), the finite
beam interaction impedance is given by

Kl,beam = Kl,axis [[8(Ylb) - Ilz(ylb)] (4)

where K axis 18 given by equation (1), b is the beam radius, Iy
and /y are modified Bessel functions, and ¥; is the radial
propagation constant for the first forward-wave space
harmonic

A= | BE - = )

Results

Baseline Circuit

By using the boundary conditions given in table II, reso-
nant frequencies were determined for five values of phase
shift for the standard cavity with dimensions given in table L.
Table III presents these results, and figure 4 compares the
resulting frequency-phase dispersion curve with the experi-
menial curve (ref. 4). The close agreement with the experi-
mental results demonstrates the accuracy of the Micro-SOS
simulation. (The Micro-SOS input file used to obtain the
resonant frequency at a phase shift of 3n/2 is given in appen-
dix A, and the input file used to obtain the resonant frequen-
cies at phase shifts 5n/4 and 7n/4 is given in appendix B.)

After the dispersion curve was obtained, the group velocity
at each value of phase shift was determined from the slope of
a best fitting polynomial curve. The resulting group veloci-
ties and other parameters needed to calculate the beam inter-
action impedance from equation (1) are given in table III.
Figure 5 plots the calculated impedances; note that agreement
with experiment (ref. 4) is excellent. The authors
believe that this was the first time that a computer code has
been used to accurately simulate the frequency-phase



dependence of the beam interaction impedance in a coupled-
cavity TWT.

TABLE III. - MICRO-SOS CALCULATIONS COMPARED
WITH EXPERIMENT FOR STANDARD CAVITY

Phase shift, rad

n 5t4n | 3/2r | /4w 2n
(1.00) | (1.25) [(1.50) |(1.75) | (2.00)

Frequency, GHz

Micro-SOS 26.63 | 27.65 |30.43 | 34.48 | 38.34
Experiment 26.80 | 27.82 {30.70 | 34.86 | 38.24
Difference, % | — .63 -61 | —88 | ~1.09 | +.26

Impedance,

Micro-SOS | == 19.33 | 4.97 1.94 | -------
Experiment | --=---- 18.60 | 4.89 | 197 |-
Difference, % | —----- +3.92 {+1.64 | -1.52 | -~
30 —
Q
O Micro-SOS
0O Experimental
S 20 0
G
Q
(=1
d
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e
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g Sn/4 3n/2 7w/4 O

Phase shift per cavity, rad

Figure 5.—Simulated and experimental (ref. 4) beam interaction
impedances for cavity mode.

Circuit Geometry Variations

The effects on the frequency-phase dispersion curve and
interaction impedance of two types of circuit geometry
variations were simulated. These variations can be used in
velocity taper designs to reduce the RF phase velocity in syn-
chronism with the decelerating electron beam, resulting in
enhanced TWT power and efficiency (e.g., ref. 15). Beam
interaction impedances were calculated only at a phase shift
of 31/2. Table IV summarizes the frequency-phase disper-
sion calculations and table V summarizes the beam interac-
tion impedance calculations.

Cavity Period.— The first geometry variation simulated
was cavity period, the most common geometry variation
implemented in a velocity taper design (e.g., ref. 16). As
seen in figure 6 and table IV, the frequency decreases with
decreasing period when the phase shift is less than 37/2 and
increases with decreasing period when the phase shift is
greater than 37/2. Beam-wave interaction in a coupled-

TABLE 1V.— SIMULATED FREQUENCIES (GHz) FOR
FREQUENCY-PHASE DISPERSION RELATIONSHIPS
[Lo= 2.0828 mm]

Case | Variation Phase shift, rad
n 5/4n 32rn | 7/4n 2n

(1.00) | (1.25) | (1.50) | (1.75) | (2.00)
1 Standard 26.63 | 27.65 | 30.43 | 34.48 | 3834
2 | L=095L, |2651 [27.57 |30.44 | 34.60 |38.38
3 |L= .85L; |26.25 {27.39 |30.48 | 34.84 | 3847
4 L= .751; (2598 |27.21 |30.51 35.07 | 38.57
5 | hiLg=03 |26.17 |27.09 |29.60 [33.00 35.24
6 |hiLg= .4 }2645 27.43 |30.10 |33.92 |36.95
7 {hilg= 6 |2676 |27.79 | 30.65 | 34.81 |39.48
8 hiLlg= .7 26.84 | 27.89 | 30.79 | 34.99 | 40.44

TABLE V.—IMPEDANCE CALCULATIONS AT A PHASE

SHIFT OF 3/2rn
Case | Variation f v, B, E4 NL K,
(GHz) [ (107 m/s) | (m™)) | 2wy, ()
kg —m
15 K8
(10227 )

1 | Standard 30.43 5.96 2262 1.516 4.97
2 | L=095Ly |30.44 6.16 2382 1.457 4.17
3 (L= .85Ly |30.48 6.58 2662 1.250 2.68
4 [L= 75Ly [30.51 6.98 3017 1.093 1.72
5 | Allp=03 |[29.60 5.31 2262 1.459 5.37
6 |hiLg= 4 |30.10 5.75 1.530 5.20
7 |hilg= 6 |30.65 6.03 1.410 4.57
8 hiLg= .7 30.79 6.00 1.200 3.91

cavity TWT typically takes place at a phase shift close to
5m/4 (ref. 7). At a constant frequency, the phase shift per cav-
ity will increase as the period is decreased, resulting in a
decrease in phase velocity.

As the period decreases, the impedance per cavity at a
phase shift of 3n/2 decreases rapidly as shown in table V and
figure 7. A 25-percent decrease in length from the standard
cavity period resulted in a 65-percent decrease in impedance
per cavity. This rapid decrease in impedance limits the effi-
ciency that can be obtained in a velocity taper in which the
phase velocity is reduced by decreasing the cavity period.

Gap-to-Period Ratio.— The second geometry variation
simulated was the gap-to-period ratio. This variation could
potentially be used in a velocity taper design; however, to the
authors’ knowledge, it has not been used as such in the past.
Table IV and figure 8 show that the frequency decreases with
decreasing gap-to-period ratio at all values of phase shift. At
a constant frequency, the phase shift per cavity will increase
as the gap-to-period ratio is decreased, resulting in a decrease
in phase velocity.

As the gap-to-period ratio decreases, the impedance per
cavity at a phase shift of 3n/2 increases gradually as shown in
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Figure 6.—Simulated phase-frequency dispersion curves for

varying cavity periods.
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Figure 8.—Simulated phase-frequency dispersion curves for
varying gap to period ratios.

table V and figure 9. A 20-percent decrease in gap-to-period
ratio from 0.5 to 0.4 resulted in a 4.6-percent increase in
impedance. Thus, unlike a velocity taper with a decreasing
cavity period, the impedance per cavity could increase in a
gap-to-period ratio taper. This suggests that gap-to-period
ratio tapers might be able to attain higher efficiencies than
those obtained with conventional period taper designs.
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Figure 9.——Simuiated beam interaction impedances at a phase
shift of 3/2 for varying gap-to-period ratios.

Conclusions

The usefulness of the electromagnetic circuit analysis
computer code Micro-SOS in reducing the need for expen-
sive and time-consuming experimental cold-testing in the
design process for traveling-wave tube (TWT) circuits was
demonstrated. The code was used to accurately simulate the
frequency-phase dispersion characteristics and frequency-
phase dependence of the beam interaction impedance for a
ferruleless coupled-cavity TWT circuit.

Variations in cavity period and gap-to-period ratio were
simulated to determine the effects on frequency-phase disper-
sion and beam interaction impedance. These variations can
be used in velocity taper designs to reduce the RF phase
velocity in synchronism with the decelerating electron beam,
resulting in enhanced power and efficiency. The simulation
resullts suggest that gap-to-period ratio velocity tapers could
enhance power and efficiency more than the conventional
cavity-period velocity tapers. Further research is needed to
determine the extent of the enhancement and the effect on
bandwidth and stability of gap-to-period ratio velocity tapers.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 17, 1992
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Appendix A

Micro-SOS Input File for Calculating Resonant Frequencies
at Phase Shifts of 3rt/2

TITLE * FERRULELESS 1 CCTWT #* /

COMMENT * DIMENSIONS * /

COMMENT * PERIOD = 2.0828E-03 meters * /

COMMENT * CAVITY RADIUS = 2.756E-03 meters * /
COMMENT * BEAM HOLE RADIUS = 5.588E-04 meters * /
COMMENT * BEAM TUBE RADIUS = 1.27E-03 meters * /
COMMENT * COUPLING SLOT ANGLE = 140.0 degrees * /
COMMENT * GAP = 1.0414E-03 meters * /

COMMENT * WEB(WALL) = 1.0414E-03 meters HALF = 5.207-04 meters * /
COMMENT * GAP/PERIOD RATIO = 0.5 * /

COMMENT * MAKE GRID * /

COMMENT * NOTE THAT THE CENTER OF X1 IS AT 0.0. * /

COMMENT * THE 5 REPRESENTS THE BEAM HOLE. *
X1GRID FUNCTION 20 1 -0.002756 7 0.0003138 0.0021970
5 0.0002236 0.0011176
7 0.0003138 0.0021970 /

COMMENT * THE 10’s BELOW REPRESENT THE WALL OF THE CAVITIES. * /
COMMENT * THE TWO EQUAL 4’s REPRESENT THE BEAM TUBE. * /
COMMENT * THE MIDDLE 5 REPRESENTS THE BEAM HOLE. * /
COMMENT * NOTE THAT THE CENTER OF X2 IS AT 0.0. * /
X2GRID FUNCTION 34 1 -0.002756 10 0.00014859 0.0014859
4 0.0001778 0.0007112
5 0.0002236 0.0011176
4 0.0001778 0.0007112
10 0.00014859 0.0014859 /

COMMENT * THE 2’s REPRESENT THE WEB HALVES ON THE SIDES. #* /
COMMENT * THE 5 REPRESENTS THE CAVITY GAP. * /
COMMENT * NOTE THAT THE CENTER OF X3 IS AT 0.0. * /
X3GRID FUNCTION 10 1 -0.0010414 2 0.00026035 0.0005207
5 0.00020828 0.0010414
2 0.00026035 0.0005207 /

COMMENT * FORM THE MAIN CAVITY * /

COMMENT * BY FIRST SOLIDIFYING THE ENTIRE VOLUME * /
COMMENT * AND ADDING CONDUCTING BOUNDARIES * /
STRUCTURE CONFORMAL SOLIDIFY +1 021 035 0 11 /

COMMENT * THEN VOID OUT THE INSIDE AS A CYLINDER * /
COMMENT * TO FORM THE CIRCULAR CAVITIES. * /
STRUCTURE CYLINDER CAVITY -1 CARTESIAN 0.0 0.0 -0.0010414
3 0.0 10.0 0.002756 0.0020828 /

SYMMETRY MIRROR +1 120 134 11/
C SYMMETRY MIRROR -1 120 134 10 10 /

COMMENT * FORM LEFT SIDE * /

STRUCTURE CONFORMAL WALL +1 120 134 13/

COMMENT * THIS STATEMENT MAKES THE COUPLING SLOT IN THE FIRST HALF-WALL * /
COMMENT * LONG, ENDING AT -2.0828E-04 m * /14E-03m) AND IS 8.3312E-04 meters #* *

STRUCTURE ELLIPTICAL WEDGEL -1 CARTESIAN 0.0 0.0 -0.0010414
0.0 0.0 -0.0005207



010 0.002756 0.002756
010 0.002756 0.002756
-70.0 70.0 -70.0 70.0 /

COMMENT * THIS STATEMENT SOLIDIFIES THE SPACE BETWEEN THE BEAM HOLE AND * /
COMMENT * THE COUPLING SLOT. IT IS THE SAME LENGTH AS THE SLOT(1.0414E-3m) * /

STRUCTURE CYLINDER PATCHL +1 CARTESIAN 0.0 0.0 -0.0010414
3 0.0 1 0.0 0.00127 0.0005207 /

COMMENT * FORM RIGHT SIDE * /
STRUCTURE CONFORMAL WALLR +1 120 1 34 8 10 /
COMMENT * THIS STATEMENT MAKES THE COUPLING SLOT IN THE SECOND HALF-WALL * /

COMMENT * IT ENDS AT THE RIGHT EDGE (1.0414E-03m) AND IS 8.3312E-04 meters ¥ /
COMMENT * LONG, STARTING AT 2.0828E-04 m * /

STRUCTURE ELLIPTICAL WEDGER -1 CARTESIAN 0.0 0.0 0.0005207
0.0 0.0 0.0010414
010 0.002756 0.002756
010 0.002756 0.002756
110.0 250.0 110.0 250.0 /
STRUCTURE CYLINDER PATCHR +1 CARTESIAN 0.0 0.0 0.0005207

3 0.0 1 0.0 0.00127 0.0005207/

COMMENT * SHOW BEAM HOLE * /

COMMENT * FIRST A BEAMTUBE IS MADE TO ENCLOSE THE BEAM HOLE. *
STRUCTURE CYLINDER BEAMTUBE +1 CARTESIAN 0.0 0.0 -0.0010414
3 0.0 1 0.0 0.00127 0.0020828 /

COMMENT * THE PARTS OF THE BEAMTUBE IN THE CAVITIES MUST BE REMOVED. * /
STRUCTURE CONFORMAL GAP -1 616 11 24 3 8 /

COMMENT * THEN THE BEAM HOLE IS FORMED. * /
STRUCTURE CYLINDER BEAMPORT -1 CARTESIAN 0.0 0.0 -0.0010414
3 0.0 1 0.0 0.0005588 0.0020828 /

COMMENT * FREQUENCY * /

FREQUENCY 1 10.0E+10 0.001 50000 /
DIAGNOSE FREQUENCY 1 0 1 /

RANGE 1 1 0.0 0.0 3 10 10 17 17 1 10 /
LINPRINT 1 1 3 1 10 10 17 17 11000100000 0/

BALANCE 1 1 20 1 34 1 10/
OBSERVE 1 1 ENERGY 1 0.0 0.0 0.0 0.0 TOTAL o 1/

COMMENT * VECTOR PLOTS THAT SHOW THE ELECTRIC FIELD * /

COMMENT * X2-X3 PLANE THRU X1 MIDDLE * /
VECTOR 1 111 E
23 0.0 0.0 -0.003 0.003 -0.0011 0.0011
15 15 /

COMMENT * X1-X3 PLANE THRU X2 MIDDLE * /
VECTOR 1 111 E
13 -0.003 0.003 0.0 0.0 -0.0011 0.0011

15 15 /

COMMENT * X1-X2 PLANE THRU CAVITY (X3=5) * /
VECTOR 1 111 E
1 2 -0.003 0.003 =-0.003 0.003 0.0 0.0
15 15 /



COMMENT * X1-X2 PLANE THRU WALL (X3=2) * /

VECTOR 1 112 E
12 -0.003 0.003 -0.003 0.003 -~0.00036449 -0.00036449

15 15 /

COMMENT * THESE COMMANDS ARE USED TO SHOW THE STRUCTURE FROM DIFFERENT * /
COMMENT * VIEWPOINTS * /

COMMENT * X2-X3 PLANE ALONG X1 MIDDLE * /
DISPLAY MODEL 1 10 /

COMMENT * X1-X3 PLANE ALONG X2 MIDDLE * /
DISPLAY MODEL 2 17 /

COMMENT * X1-X2 PLANE IN A WALL * /
DISPLAY MODEL 3 2 /

COMMENT * X1-X2 PLANE IN A CAVITY # /
DISPLAY MODEL 3 5 /

START /
STOP /

10



TITLE *

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
COMMENT

COMMENT
COMMENT

Appendix B

Micro-SOS Input File for Calculating Resonant Frequencies
at Phase Shifts 51/4 and 7r/4

FERRULELESS TWO-CAVITY CCTWT * /

DIMENSIONS * /[

PERIOD = 2.0828E-03 meters * /

CAVITY RADIUS = 2.756-03 meters * /
BEAM HOLE RADIUS = 5.588E-04 meters * /
BEAM TUBE RADIUS = 1.27E-03 meters * /
COUPLING SLOT ANGLE = 140.0 degrees * /
GAP = 1.0414E-03 meters * /

WEB(WALL) = 1.0414E-03 meters * /
GAP/PERIOD RATIO = 0.5 * /

% % & % % ¥ ¥ ¥ ¥

* MAKE GRID * /
* NOTE THAT THE CENTER OF X1 IS AT 0.0 * /

X1GRID FUNCTION 20 1 -0.002756 7 0.000313800 0.0021972

COMMENT
COMMENT
COMMENT
COMMENT

5 0.000223500 0.0011176
7 0.000313800 0.0021972 /

* THE 10’s BELOW REPRESENT THE WALL OF THE CAVITIES * /
* THE TWO EQUAL 4’s REPRESENT THE BEAM TUBE * /

* THE MIDDLE 5 REPRESENTS THE BEAM HOLE * /

* NOTE THAT THE CENTER OF X2 IS AT 0.0 * /

X2GRID FUNCTION 34 1 -0.002756 10 0.00014859 0.0014859

COMMENT
COMMENT
COMMENT
COMMENT

X3GRID FUNCTION 19 1 -0.0020828

COMMENT
COMMENT
COMMENT

4 0.00017780 0.0007112

5 0.00023250 0.0011176

4 0.00017780 0.0007112
10 0.00014859 0.0014859 /

* THE 2’s REPRESENT THE WEB HALVES ON THE SIDES * /
* THE 4 REPRESENTS THE CENTER WEB * /

* THE 5’s REPRESENTS THE CAVITY GAP * /

* NOTE THAT THE CENTER OF X3 IS AT 0.0 * /
0.00026040 0.0005207
0.00020830 0.0010414
0.00026040 0.0010414
0.00020830 0.0010414
0.00026040 0.0005207 /

Nt

* FORM THE MAIN CAVITY * /
* BY FIRST SOLIDIFYING THE ENTIRE VOLUME * /
* AND ADDING CONDUCTING BOUNDARIES. * /

STRUCTURE CONFORMAL SOLIDIFY +1 021 035 0 20/

COMMENT
COMMENT

* THEN VOID OUT THE INSIDE AS A CYLINDER * /
* TO FORM THE CIRCULAR CAVITIES. * /

STRUCTURE CYLINDER CAVITY -1 CARTESIAN 0.0 0.0 -0.0020828

COMMENT
COMMENT

3 0.0 1 0.0 0.002756 0.0041656 /

* THE 1.25*P1 AND 1.75*PI MODES CAN BE FOUND USING A 2-CAVITY * /
* STRUCTURE AND ONE SYMMETRY COMMAND AS BELOW. * /

SYMMETRY MIRROR +1 120 134 11 /

COMMENT

COMMENT
COMMENT

COMMENT

* FORM INSIDE BODY * /

* BECAUSE THE STRUCTURE IS ALREADY HOLLOWED OUT,

* /
EACH WALL AND SLOT CAN BE FORMED SEPARATELY. * /

*

* FORM CENTER WALL * /



COMMENT *
COMMENT *
STRUCTURE

*

COMMENT

COMMENT
COMMENT
COMMENT
COMMENT
STRUCTURE

* ¥ ¥ ¥

COMMENT *
COMMENT *
STRUCTURE

COMMENT =*

COMMENT *
COMMENT *
STRUCTURE

COMMENT *
COMMENT *
COMMENT *
COMMENT *
COMMENT *
STRUCTURE

COMMENT *
COMMENT *
STRUCTURE

COMMENT *

COMMENT *
COMMENT *
STRUCTURE

COMMENT
COMMENT
COMMENT
COMMENT
COMMENT
STRUCTURE

* % ¥ ¥ *

COMMENT =*
COMMENT =*
STRUCTURE

COMMENT *

COMMENT *
STRUCTURE

THE CENTER WEB IS SOLID ALL THROUGH X1 AND X2 * /
BUT TAKES UP 4 GRID SPACES (GRID INDICES 8,9,10,11,12) ALONG X3. * /
CONFORMAL WALLCTR +1 120 134 8 12 /

THIS STATEMENT MAKES THE COUPLING SLOT ALL ALONG THE STRUCTURE, * /

BUT IT IS ONLY USED IN THE CENTER WALL. THE PARTS OF THE SLOT ON * /
EITHER SIDE OF THE CENTER WALL ARE ERASED BY OTHER COMMANDS. * /

THE SLOT RADIUS IS 2.756E-03 meters AND HAS AN ANGLE OF 140 DEG * /
THE ANGLE IS CENTERED AROUND THE -X2 AXIS, WHICH IS 180 DEGREES * /

ELLIPTICAL WEDGECTR =1 CARTESIAN 0.0 0.0 -0.0020828
0.0 0.0 0.0020828
010 0.002756 0.002756
010 0.002756 0.002756
110.0 250.0 110.0 250.0 /

THIS STATEMENT SOLIDIFIES THE SPACE BETWEEN THE BEAM HOLE AND *
THE COUPLING SLOT. 1IT IS THE SAME LENGTH AS THE SLOT (1.0414E-03m)*/
CYLINDER PATCHCTR +1 CARTESIAN 0.0 0.0 -0.0005207

3 0.0 10.0 0.00127 0.0010414 /

FORM LEFT SIDE * /

THE FIRST HALF-WEB IS SOLID ALL THROUGH X1 AND X2 * /
BUT ONLY TAKES UP 2 GRID SPACES (GRID INDICES 1,2,3) ALONG X3. * /
CONFORMAL WALLL +1 120 134 13/

THIS STATEMENT MAKES THE COUPLING SLOT IN THE FIRST HALF-WALL * /

IT STARTS AT THE LEFT EDGE(-2.0828E-03 m) AND IS 5.207E-04 meters * /
LONG, MAKING IT END AT -1.5621E-03 m. * /

THE SLOT RADIUS IS 2.756E-03 m AND HAS AN ANGLE OF 140 DEGREES * /
THE ANGLE IS CENTERED AROUND THE +X2 AXIS, WHICH IS 0 DEGREES. * /

ELLIPTICAL WEDGEL -1 CARTESIAN 0.0 0.0 -0.0020828
0.0-0.0 -0.0015621
010 0.002756 0.002756
010 0.002756 0.002756
=70.0 70.0 -70.0 70.0 /

THIS STATEMENT SOLIDIFIES THE SPACE BETWEEN THE BEAM HOLE AND * /
THE COUPLING SLOT. IT IS THE SAME LENGTH AS THE SLOT (5.207E-04). * /
CYLINDER PATCHL +1 CARTESIAN 0.0 0.0 -0.0020828

3 0.0 10.0 0.00127 0.0005207 /

FORM RIGHT SIDE * /

THE SECOND HALF-WEB IS SOLID ALL THROUGH X1 AND X2 *
BUT ONLY TAKES UP 2 GRID SPACES (GRID INDICES 17,18,19) ALONG X3. * /
CONFORMAL WALLR 41 120 134 17 19 /

THIS STATEMENT MAKES THE COUPLING SLOT IN THE SECOND HALF-WALL * /
IT ENDS AT THE RIGHT EDGE(2.0828E-03 m) AND IS 5.207E-04 meters * /
LONG, MAKING IT START AT 1.5621E-03 m. *

THE SLOT RADIUS IS 2.756E-03 m AND HAS AN ANGLE OF 140 DEGREES * /
THE ANGLE IS CENTERED AROUND THE +X2 AXIS. * /

ELLIPTICAL WEDGER =1 CARTESIAN 0.0 0.0 0.0015621
0.0 0.0 0.0020828
010 0.002756 0.002756
010 0.002756 0.002756
-70.0 70.0 -70.0 70.0 /

THIS STATEMENT SOLIDIFIES THE SPACE BETWEEN THE BEAM HOLE AND * /
THE COUPLING SLOT. IT IS THE SAME LENGTH AS THE SLOT (5.207E-04). * /
CYLINDER PATCHR +1 CARTESIAN 0.0 0.0 0.0015621

3 0.0 10.0 0.00127 0.0005207 /

SHOW BEAM HOLE * /

FIRST A BEAM TUBE IS MADE TO ENCLOSE THE BEAM HOLE. * /
CYLINDER BEAMTUBE +1 CARTESIAN 0.0 0.0 -0.0020828
3 0.0 10.0 0.00127 0.0041656 /



COMMENT * THE PARTS OF THE BEAM TUBE IN THE CAVITIES MUST BE REMOVED. * /

STRUCTURE CONFORMAL GAP -1 616 11 24 3 8 /
STRUCTURE CONFORMAL GAP -1 6 16 11 24 12 17 /

COMMENT * THEN THE BEAM HOLE IS FORMED. * /
STRUCTURE CYLINDER BEAMPORT -1 CARTESIAN 0.0 0.0 -0.0020828
3 0.0 1 0.0 0.0005588 0.0041656 /

COMMENT * FREQUENCY * /

COMMENT * THE FIRST RESONANCE FOUND IS THE 1.25 CAVITY MODE. * /
COMMENT * THE SECOND IS THE 1.75 CAVITY MODE. * /

FREQUENCY 2 10.0E+10 .001 50000 /

DIAGNOSE FREQUENCY 1 0 1 /

RANGE 1

1 0.
LINPRINT 1 1 3

0 0.0 3 11 11 17 17 119 /
111 111717119 001000000/
BALANCE 1 120 134 119 /

OBSERVE 1 1
ENERGY 1 0.0 0.0 0.0 0.0 TOTAL o 1/

COMMENT * THESE COMMANDS ARE USED TO SHOW THE STRUCTURE FROM DIFFERENT * /[
COMMENT * VIEWPOINTS. * /

COMMENT * X2-X3 PLANE ALONG X1 MIDDLE * /
DISPLAY MODEL 1 11 /

COMMENT * X1-X3 PLANE ALONG X2 MIDDLE * /
DISPLAY MODEL 2 17 /

COMMENT * X1-X2 PLANE IN A WALL * /
DISPLAY MODEL 3 2 /

COMMENT * X1-X2 PLANE IN A CAVITY * /
DISPLAY MODEL 3 6 /

COMMENT * VECTOR PLOTS THAT SHOW THE ELECTRIC FIELD * /

COMMENT * X2-X3 PLANE THRU X1 MIDDLE * /

VECTOR 1 112 E
23 0.0 0.0 -0.003 0.003 =-0.0021 0.0021
15 15 /

COMMENT * X1-X2 PLANE THRU CAVITY (X3=5) * /

VECTOR 1 112 E
1 2 -0.003 0.003 =-0.003 0.003 =-0.001103884 -0.001103884
15 15 /

COMMENT * X1-X2 PLANE THRU WALL (X3=10) * /
VECTOR 1 112 E
1 2 -0.003 0.003 =0.003 0.003 0.0 0.0

15 15 /

VECTOR 1 112 E
13 =-0.003 0.003 0.0 0.0 -0.0021 0.0021

15 15 /

START /
STOP /
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